Previous studies have shown that the water-air interface and a number of water molecule layers just below it, the surface region, have significantly different physico-chemical properties, such as lower relative permittivity and density, than bulk water. The properties in the surface region of water favor weakly hydrated species as neutral molecules, while ions requiring strong hydration and shielding of their charge are disfavored. In this study the equilibria NH 4 + (aq) + RCOO À (aq) " NH 3 (aq) + RCOOH(aq) are investigated for R = C n H 2n+1 , n = 0-8, as open systems, where ammonia and small carboxylic acids in the gas phase above the water surface are removed from the system by a gentle controlled flow of nitrogen to mimic the transport of volatile compounds from water droplets into air. It is shown that this non-equilibrium transport of chemicals can be sufficiently large to cause a change of the chemical content of the aqueous bulk. Furthermore, X-ray photoelectron spectroscopy (XPS) has been used to determine the relative concentration of alkyl carboxylic acids and their conjugated alkyl carboxylates in aqueous surfaces using a micro-jet. These studies confirm that neutral alkyl carboxylic acids are accumulated in the surface region, while charged species, as alkyl carboxylates, are depleted. The XPS studies show also that the hydrophobic alkyl chains are oriented upwards into regions with lower relative permittivity and density, thus perpendicular to the aqueous surface. These combined results show that there are several chemical equilibria between the aqueous bulk and the surface region. The analytical studies show that the release of mainly ammonia is dependent on its concentration in the surface region, as long as the solubility of the carboxylic acid in the surface region is sufficiently high to avoid a precipitation in/on the water-air interface. However, for n-octyl-and n-nonylcarboxylic acid the solubility is sufficiently low to cause precipitation. The combined analytical and surface speciation studies in this work show that the equilibria involving the surface region are fast. The results from this study increase the knowledge about the distribution of chemical species in the surface region at and close to the water-air interface, and the transport of chemicals from water to air in open systems.
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Introduction
The effects of atmospheric aerosols are among the major uncertainties for climate modeling. 1 Due to the small size of atmospheric aerosol particles, surface effects are important for their properties. 2 Two important examples of this are cloud droplet formation from aerosol particles called cloud condensation nuclei, 3 and heterogeneous reactions at aerosol surfaces. 4 Organic compounds are often surface active, and there is a large variety of oxidized organic compounds present in the atmosphere. 5 Many of these originate from reduced organic compounds with low water solubility, which due to the oxidizing properties of the atmosphere are readily oxidized to substantially more water soluble compounds. 6 There is very strong evidence that atmospheric particles contain surface active compounds accumulated in the surface region lowering the surface tension. [7] [8] [9] [10] [11] [12] [13] The accumulation of neutral organic compounds in the surface region may also have an impact on transport across the surface region. Evidences have been presented that accumulation of neutral organic compoundswith consequently large surface area : bulk volume ratio. Surfaces and interfaces, where species from the two media are exchanged and react with each other, are well known for their special chemistry, [19] [20] [21] and surface propensive compounds will have increasing effect of the physico-chemical properties of atmospheric water droplets with decreasing size. This means that accumulation or depletion of specific compounds becomes increasingly important with decreasing droplet size, as well as for the chemical reactions preferably taking place in the surface region or at the water-air interface. It has for example been shown that the hygroscopicity and cloud formation potential of secondary organic aerosols (SOA) change with the oxidation state of the surface species, 2, 3, 22, 23 and SOA coatings on aerosols and cloud droplets/crystals can modify their chemical and physical properties. 24 In a series of studies using X-ray photoelectron spectroscopy (XPS) on liquid micro-jets, the surface propensity of various compounds in aqueous solution have been studied. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] It is evident that the surface propensity of carboxylic acids, alkyl amines and alcohols increases with increasing length and branching of the alkyl chain. [26] [27] [28] [32] [33] [34] This implicates that a number of equilibria of carboxylic acids and carboxylate ions are involved in the distribution of chemical species in the aqueous bulk, and between aqueous bulk and surface region, surface region and gas phase and surface region and floating solids, Fig. 1 . The reported surface propensity studies indicate clearly that the physico-chemical properties of water as solvent in the surface region are significantly different from those in the aqueous bulk including disrupted hydrogen bonding between water molecules, necessary very close to the water-air interface, and lower relative permittivity and density. It has been shown by ellipsometric 35 and X-ray reflectivity 36, 37 measurements that the surface region, defined as the region of the water surface with a density range of 0.1-0.9 g cm À3 , is ca. 8 Å at room temperature. Theoretical simulations have reported somewhat smaller thickness. [38] [39] [40] [41] [42] As the density increases from close to zero in the air-water interface to 1.00 g cm À3 in the aqueous bulk, it can be assumed that the permittivity increases gradually in the same way from 1.0006 in air, 43 to 78.32 in pure water at room temperature (298.15 K). 44 This means that the surface region from the water-air interface (even though the water surface is rough) with a relative permittivity close to 1.0 at the water-air interface to the aqueous bulk should be in the order of 10-15 Å based on experimental data. As a consequence, neutral molecules prefer to be present in the surface region (sr, a number of water molecule layers just below the water-air interface), while ions seem not to be able to reach close to the water-air interface unless ion-pairs are formed shielding their effective charge. Nevertheless, ionpairs are not capable to reach as close to the water-air interface as neutral molecules. [29] [30] [31] Of the equilibria in Fig. 1 , the solubility, s, of a neutral compound, or the solubility product, K s , of a salt, in the aqueous bulk, have been determined with very high accuracy, as well as their temperature and ionic medium dependence. The Henry's law constants, K H , HA(g) " HA(aq), are almost equally well characterized. 17 However, they are a combination of at least two equilibria, HA(aq) " HA(sr) and HA(sr) " HA(g) of which individual values have not been determined. The equilibrium constants between aqueous bulk and surface region are possible to estimate from e.g. surface tension or surface propensity studies using XPS. 27, 28, 32, 33 It has been shown in a recent study that surface tension can be studied in very small aqueous droplets. 45 It is shown for very small water droplets that organic compounds accumulated in the surface region decrease the surface tension significantly, while the presence of inorganic salts as sodium chloride increases it. 45 Most chemical species require water molecules in all three dimensions for efficient hydration, such as the carboxylate, phosphate and sulfate ions, 46, 47 and they will be increasingly depleted from the water-air interface with increasing hydration strength as approaching this region decreases the possibility for complete hydration, 26, 48 mainly due to entropy effects, and thereby chemical stability. However, ions with strong hydration in only two dimensions, as the guanidinium and benzoate ions, can enter a region closer to the water-air interface being oriented parallel to it. 28, 30, 49 However, they still need to be accompanied by a counter ion to be able to reach a position in the surface region close to the water-air interface, and they never seem to reach as close to the water-air interface as the conjugated neutral form. 50 Different composition of the surface region and the aqueous bulk is of great importance especially to physically small systems, such as liquid/aqueous atmospheric aerosols. Atmospheric water Fig. 1 Chemical equilibria, here represented by a carboxylic acid, in the aqueous bulk and its coupled equilibria to the aqueous surface, the waterair interface and air. In the aqueous bulk there may be a solubility equilibrium when the compound is not miscible with water, (solubility product with salt). As the surface region has different physico-chemical properties than bulk water there is an equilibrium between these two regions, K srd . For compounds which are accumulated in the surface region K srd is larger than unity, while the opposite is true for surface depleted compounds. There is also an equilibrium between the surface region and the gas phase above it, normally air. K sd , The product of the equilibria K srd and K sd is known as the Henry's law constant, K H . The Henry's law constant is accurately determined for a vast number of compounds, ref. 17 , while the individual values K srd and K sd are normally not. For compounds with low solubility, and lower density than aqueous bulk and the surface region, the solubility, s sd , is expected to be different from the solubility in aqueous bulk. The short-dashed line represents the border where water has water bulk properties, and the long-dashed line the estimated level in the surface region to which monovalent ions can reach.
droplets contain often both inorganic and organic compounds. 51, 52 It has been shown that the concentration of inorganic salts has a strong influence on the surface propensity of organic acids, such as succinic acid. 32 XPS studies have shown that neutral molecules, e.g. alcohols or carboxylic acids, yield much higher concentration in the surface region than the solubility or actual concentration in the aqueous bulk. 27, [32] [33] [34] 53 The main reasons are that water loses its well-defined rigid three-dimensional structure close to the water-air interface and thereby many of its physico-chemical properties, and that alkyl and aryl group(s) of surface active compounds can be oriented into air and/or integrated with single water molecules from weakly hydrogen-bound surface water molecules instead of forcing the aqueous bulk structure to rearrange around them as in bulk water. This causes that weakly hydrated molecules can be accumulated at rather high concentrations in the surface region compared to the aqueous bulk. Furthermore, it is proven that carboxylic acids with an alkyl group with at least seven carbons can self-assemble into vesicle structures, 54 and it is possible that carboxylic acids with even shorter alkyl chains can form micelle-like structures in or close to the surface region. Two important classes of compounds known to be present in atmospheric aerosols are the corresponding acid-base pairs: carboxylic acid-carboxylate ion and ammonium ion-ammonia/amine. These can participate in the following proton-transfer reaction:
For n-octanoic and n-decanoic acid, XPS has previously shown equilibrium (1) to differ strongly between surface and bulk, with the equilibrium being strongly shifted towards the right, and the concentration of organics being much higher, at the surface compared to the bulk. 53, 55 For organic acids and atmospheric aerosols, these surface effects have been discussed in connection to the chemical composition and properties of the liquid-vapour interface, 56 the surface pK a , 57 ion pair formation, 58 and the response to inorganic ions, 59 as well as the heterogeneous oxidation of aqueous saccharide aerosols 60 and the water affinity of biogenic organic aerosol.
61
The proton-transfer reactions of eqn (1) have equilibrium constants in aqueous solution of ca. 10
, using molar concentrations, calculated from the acidic constants of the ammonium ion and the carboxylic acids at 25 1C;
62 the acidity constants of the alkyl carboxylic acids are summarized in Table S1 (ESI †). Thus, less than one percent of the charged reactants of eqn (1) will be converted to neutral products at equilibrium in aqueous solutions containing equal start concentrations of the reactants. The large Henry's law constants of ammonia and carboxylic acids, K H = 60 and 410 3 M atm
À1
, respectively, Table 1 , make the expected equilibrium concentrations of ammonia and carboxylic acid in the gas phase very small above a 0.10 mol dm À3 solution, ca. 9 Â 10 À4 and 1.3 Â 10
À5
% of the total ammonia/ ammonium and acetic acid/acetate concentration, respectively, Table 1 and Table S1 (ESI †). Consequently, gaseous carboxylic acids and ammonia in the atmosphere will to a large extent dissolve in water droplets and react almost completely with each other, more than 99.4%, will form ammonium and carboxylate ions dissolved in water according to the physico-chemical data recorded in aqueous bulk, reverse of eqn (1), Table 1 . The short-chained carboxylic acids, formic, acetic, propionic and butyric acid, are fully miscible with water, while the solubility of carboxylic acids with longer alkyl chains decreases sharply with increasing alkyl chain length, Table 1 . Carboxylic acids, especially those with long alkyl chains, have strong surface propensity and are accumulated in the surface region. [25] [26] [27] [28] 32, 53 The carboxylic acid group is only weakly hydrated as the charge densities on the hydrogen and oxygen atoms are low, and the number of hydrating water molecules is significantly lower than for the conjugated carboxylate ion. 63 The heat of hydration of acetic acid is only À24. , 64 and the heat of hydration of the sodium ion, À409 kJ mol À1 65 ). The same pattern in heats of hydration is found for ammonia and the ammonium ion, À30.5 and À329 kJ mol À1 , respectively. 64, 66 Sum Frequency Generation (SFG) spectroscopic studies have shown that ammonia forms weak hydrogen bonds to surface water molecules in aqueous solution, and that the OH stretching of water is suppressed at high ammonia concentrations. 67, 68 Furthermore, a series of theoretical simulations has shown that ammonia is hydrogen bound and present in the surface region of aqueous soutions. [69] [70] [71] This supports that the ammonia concentration is enhanced in the surface region in comparison to the aqueous bulk. In this study the NH 4 + (aq) + RCOO À (aq) " NH 3 (aq) + RCOOH(aq) equilibria have been studied as open systems at 298 K for carboxylates with 0-8 carbons in the alkyl chain to get increased understanding of the chemical equilibria involved in the transport of chemical species in eqn (1) from the aqueous bulk to the surface region, and further into the gas phase with the help of analytical (pH) and XPS measurements. The applied open system mimics the transport from water droplets into air by constant removal of gaseous or solid products, in this case ammonia and carboxylic acids. One shall of course keep in mind that in a real system there can be a similar transport in the opposite direction when air contains e.g. ammonia and carboxylic acid. XPS studies on aqueous surfaces have been performed to get increased understanding how close to the water-air interface different chemical species can reach, whether chemical compounds are accumulated in or depleted from the surface region of an aqueous solution, and the orientation of the molecules in the surface region.
Experimental

Chemicals
Nitric acid (Merck, 65%), ammonium nitrate, NH 4 NO 3 (Merck, Z99%), sodium hydroxide, NaOH (Sigma, 499.5%), sodium formate, NaHCOO (Sigma, capillary GC, Z99%), formic acid, HCOOH (Merck, 498%), acetic acid, CH 3 COOH, propionic acid, C 2 H 5 COOH, butyric acid, n-C 3 H 7 COOH, pentanoic acid (valeric acid), n-C 4 H 9 COOH, hexanoic acid (caproic acid), n-C 5 H 11 COOH, heptanoic acid (enanthic acid), n-C 6 H 13 COOH, octanoic acid (caprylic acid), n-C 7 H 15 COOH, and nonanoic acid (pelargonic acid), n-C 8 H 17 COOH, (all Sigma-Aldrich, Z99%) were used as purchased. The corresponding sodium carboxylates except sodium formate were synthesized in our laboratory, vide infra. The carboxylic acids purchased were all found to be pure according to the given specifications, while sodium carboxylates, as e.g. sodium butyrate, often contained significant amounts of impurities not possible to remove by recrystallization.
Preparation of sodium carboxylates
Sodium carboxylates (R-COONa, R = C n H 2n+1 , n = 0-8) were prepared by adding a 5.00 mol dm À3 sodium hydroxide solution drop-wise to an aqueous solution of the corresponding carboxylic acid. The pH in the reaction mixture was followed by an Orion Star A211 pH meter, equipped with an Orion Ross Combination electrode. The equivalence point was calculated from previously recorded pH titration curves to determine the actual pK a value at the very same conditions as in the preparation titration. The resulting sodium carboxylates were precipitated by evaporating off all water and they were finally dried in an oven at 333 K. The purity was verified using 1 H-NMR. All solids were kept in a dry atmosphere in desiccator until use.
Preparation of aqueous solutions
For each compound, three stock solutions, 0.20, 0.50 and 1.00 mol dm À3 , were prepared by dissolution in de-ionized water further purified by a Milli Q Plus Ultrapure water system. Solutions for the experiments were prepared by mixing equal volumes of sodium carboxylate and ammonium nitrate stock solutions with the same concentration. For the sodium alkyl carboxylates with a solubility lower than 1.00 mol dm À3 , the 0.50 mol dm À3 solutions were prepared by adding the appropriate amount of ammonium nitrate.
Experimental set-up and instruments for the pH measurements
The experimental set-up is shown in Fig. 2 . It consists of three jacketed glass vessels (Methrohm) through which thermostated water (298.15 AE 0.07 K) continuously flowed, and the cell compartments had in-let and out-let for a 4.0 mL s À1 continuous flow of nitrogen gas, controlled by a Kojima Kofloc M2204 inlet pressure regulator valve (Kojima Instruments Inc., Japan), which was applied over the solutions with the aim to transport away the formed gaseous compounds, i.e. ammonia or small carboxylic acids. The nitrogen gas was bubbled through a washing flask (vessel 1) with a solution of ammonium nitrate and sodium chloride with the same concentrations of ammonium nitrate and sodium alkyl carboxylate as in vessel 2 before entering vessel 2 to secure that the moisture level of the incoming nitrogen gas was the same as the one leaving vessel 2 to avoid evaporation. Vessel 2 contained the studied samples of 0. Gentle magnetic stirring was applied with an arbitrary but constant speed (vide infra) in all vessels to ensure proper mixing. 20.0 cm 3 solution was applied in each vessel. The reactions were followed for 24 hours or longer. To assess the reproducibility of the studied reactions and to evaluate the limitations of the method at least three independent measurements with the same concentration were performed. The reproducibility was better than 2%, Fig. 3A .
A set of blank background experiments were also performed, where the reaction vessel (no. 2) was empty, the water-saturated N 2 bubbled directly to vessel 3, where the pH was measured. These blank experiments were necessary to perform as the change in the measured pH due to the diffusion through the porous membrane of the pH electrode cannot be neglected during long experiments lasting up to a day or longer.
Optimization of gas flow and stirring parameters
The experimental set-up parameters for the open system, the nitrogen flow rate and the stirring rate in vessel 2, were optimized Fig. 2 The applied experimental setup. Vessel no. 1 always contained an appropriate salt solution to saturate the moisture content of the N 2 gas, no. 2 contained the studied solution and the pH was measured in the trapping vessel, no. 3. in several steps. Three different flow rates were tested, and it was found that the nitrogen flow rate affects the rate of the amount of ammonia transported from the reaction vessel to a large extent. A higher flow rate pushes the ammonia and carboxylic acid formed more efficiently from vessel 2 to vessel 3. A nitrogen flow rate with 4.00 mL s À1 was chosen as working flow. This standard flow rate secured that a continuous flow was achieved and the volumes in the vessels were constant during experiments lasting up to ten days. It is of utmost importance to have a constant nitrogen flow rate as only small variations in the flow rate will affect the reproducibility of the measurements. A stable gas flow was assured by an inlet pressure regulator valve, vide supra. The effect of the stirring rate on the system was also studied at two nitrogen flow rates. The amount of formed ammonia or carboxylic acid was found to be independent of the stirring rate.
XPS experiments
The XPS experiments were performed at the soft X-ray beamline I411 at the Swedish national synchrotron facility MAX-lab, Lund University. Details of the experimental setup and conditions can be found elsewhere. 26, 31, 33, 34, 72, 73 The carboxylic acids and their corresponding sodium salts were dissolved in demineralized water (the electrical resistivity of the water was 18.2 MO cm, Millipore DirectQ). Prior to each experiment the sample solutions were filtered (Whatman Puradisc FP30 syringe filters, 1.2 mm pore size) to remove dust particles, which may disturb the liquid micro-jet and cause the injection system to fail. In all experiments, the carboxylic acid abundance was monitored via the intensity of the carbon 1s photoemission line using a photon energy of 360 eV, at which also the 1b 1 valence spectrum of liquid water was recorded. The latter was used to calibrate the kinetic energy scale by aligning the 1b 1 photoemission line of liquid water to 11.16 eV. 74 At the chosen photon energy, the kinetic energy of the emitted C 1s electrons is between 65 and 70 eV. This results in highly surface sensitive XPS experiments, due to short mean effective attenuation length of the emitted photoelectrons reaching the detector (B1 nm). 75 Furthermore, the valence spectrum of the cleaning solution (50 mmol dm À3 aqueous solution of NaCl) between each sample was recorded and relative deviations in the intensity of the 1b 1 line were used to quantify instabilities of the experimental setup and the X-ray source. For constant reference intensities (with max. deviations of a few %), the recorded XPS intensities of different sample solutions can be compared. The C 1s signal of the formate ion was used as reference between different experimental runs. Generally, the recorded intensity in the XPS measurements at a given kinetic energy of the emitted photoelectrons can be directly related to the concentration of a chemical species in the surface region and the photoionization cross section of the given species, but exponentially attenuated along its path, which can be quantified by the photoelectron's effective attenuation length. Due to these dependencies, the obtained signal is dominated by the species present in the air-water interface and the upper part of the surface region, but it also contains small contributions from the species in the aqueous bulk. The absolute amount of a certain species in the detected volume is generally not available from XPS spectra. However, qualitative information can be obtained from ratios of XPS intensities of the same element. In this study the C 1s intensities of the different carboxylic acids and the conjugated carboxylates are related to one another. For this purpose all C 1s spectra were intensity normalized against the photon flux and acquisition time. The spectral intensities were also normalized by dividing them by the bulk concentration and number of carbon atoms in the alkyl chain of the investigated chemical species for a proper comparison.
Results
Evaporation of ammonia and carboxylic acids from aqueous solutions
To investigate the development of the coupled equilibria NH 4 + (aq) + RCOO À (aq) " NH 3 (aq) + RCOOH(aq), NH 3 (aq) " NH 3 (g) and RCOOH(aq) " RCOOH(g) the amounts of evaporated ammonia and carboxylic acid over time were determined during 24 hours, and in some cases up to 10 days. In some cases the change in concentration of alkyl carboxylic acid in the aqueous solution was also checked by 1 H NMR in the aqueous bulk after View Article Online completed experiment. The first step was to check the longterm stability of the measurement procedure. The performed experiments show clearly the importance of blank experiments including drift of the pH electrode over time. Experiments with the reaction vessel empty showed a small but significant drift in the recorded pH due to the diffusion through the porous membrane of the pH electrode, which cannot be neglected during such long measurements as in this case, and it needs to be adjusted for in the data analyses, Fig. 4 (black symbols) . The observed increase in pH in the nitric acid solution due to the drift of the pH electrode was almost linear with time, Fig. 4A , while in the sodium carbonate solution a slight non-linearly decrease in pH with time was observed, Fig. 4C . Thus, the drift of the pH electrode causes an observed increase in pH on the acidic side and a decrease on the alkaline side with time. The blank experiments of released ammonia per hour show a decrease with time according to an exponential function, but after ca. 10 hours a steady-state situation with constant release per hour has been established, Fig. 4A and B. For acetic acid the evaporation is very small and becomes linear with time, Fig. 4C and D. The amount of the released acetic acid is B0.15% per day of the initial acetic acid content. The amounts of released ammonia and acetic acid were determined on the same solutions and the same conditions but with different trapping solution (vessel 3). The amount of acetic acid evaporating from the aqueous solution is approximately the 1/8 of the amount of released ammonia. This is a larger fraction than expected from the values of the Henry's law constant, and may depend on different kinetic behavior.
Reactions between ammonium and n-alkyl carboxylate ions in an open system
The reactions between n-alkyl carboxylate, R-COO À , R = C n H 2n+1 , n = 3 and 7, and ammonium ions were followed via the measurement of released ammonia for four and seven days, respectively, to determine the required time to reach a steady state situation in an open system, when the amounts of formed and released ammonia and carboxylic acid reach a steady-state situation, thus the amount released is only dependent on time and possibly total concentration in the aqueous bulk. For the remaining systems, n = 0-2 and 4-6, the reactions were followed during 24 hours. To reach a steady state situation with a constant amount of ammonia formed with time takes less than 1 and 4 days for the ammonium-butyrate and -n-octanoate systems, respectively, Fig. 3A and B. The amounts of ammonia formed after one day in an open system are as expected much larger than the amounts formed in a closed, equilibrated system. This shows that the equilibria in the surface region and over the water surface region-air interface are fast, and the transport of chemicals to and from the surface region can be significant.
In the case of the ammonium n-octanoate and n-nonanoate systems the rate of the ammonia release was significantly faster than for the systems involving alkyl carboxylates with six or less carbon atoms in the alkyl chain. Furthermore, the reaction rates increase exponentially with increasing concentration, except for the lowest concentration of the n-octanoate system, which behaves as the other carboxylate systems studied, Table S2 (ESI †). The solubilities of n-octanoic and n-nonanoic acid are very low in water, Table 1 . After saturation of the surface region only very small amounts can be dissolved in the aqueous bulk, and thereafter they start to precipitate on the aqueous surface. This means that both ammonia and n-octanoic/n-nonanoic acid will leave the system pushing eqn (1) strongly to the right. A crust of n-octanoic acid was visible after a couple of days, and after a week the entire water surface was covered, Fig. S1 (ESI †). The formation of solid n-octanoic and n-nonaoic acid takes obviously place when both the surface region and the aqueous bulk are saturated. At these conditions when both ammonia and carboxylic acid leave the aqueous system, a much higher reaction rate is observed in comparison when only one compound, e.g. ammonia, leaves the system in significant amounts, Fig. 5 .
The principal reaction behavior of eqn (1) can be divided into two major groups, alkyl carboxylates with six or less carbon atoms in the alkyl chain, and those with longer alkyl chains. For the alkyl carboxylates with short alkyl chains the reaction rates are proportional to the total concentration, while for the n-octanoate and n-nonanoate the reaction rate increase exponentially with concentration. The initial reaction rates are given in Fig. 5 , with the reaction rate after 24 hours in Fig. S2 (ESI †) ; the reaction rates are summarized in Table S2 (ESI †). The ammonium formate system displays the slowest reaction rate, 0.6% of the ammonium is converted to ammonia in 24 hours, indicating that formic acid is less prone than the other carboxylic acids to enter the surface region. The ammonium acetate, propionate, butyrate, pentanoate, hexanoate and heptanoate systems have similar behavior with 1.0-1.7% of the total amount of ammonium leaving the system as ammonia within the first 24 hours, and a minor fraction carboxylic acid as well. The carboxylic acids have been shown in previous XPS studies to have strong surface propensity and are accumulated in the surface region. Thus, the K srd constant is larger than unity, and it can be expected that it increases with increasing length of the alkyl chain, while the K sd constant is expected to decrease, ending up with slightly decreasing Henry's law constants, 17 with increasing length of the alkyl chain, Table 1 . The amounts of carboxylic acid leaving the systems are only small fractions of the total amount carboxylic acid/carboxylate, and the amounts of ammonia leaving seem to be proportional to the total concentration of ammonium carboxylate. This will result in a build-up of carboxylic acid in the surface region until it is saturated, and thereafter all newly formed carboxylic acid will contribute to an increased concentration in the aqueous bulk, as proved by 1 H NMR, Table S2 (ESI †), as long as ammonia is leaving the system and eqn (1) is kept to be pushed to the right in the aqueous bulk.
XPS experiments of relative signal intensity as function of alkyl chain length of n-alkyl carboxylic acid
In order to qualitatively compare the surface propensities of the different species and their orientation in the surface region, surface sensitive XPS measurements have been carried out. The C 1s XPS spectra of formate and butyrate ions, and acetic, butyric, valeric and caproic acid in aqueous solution at different bulk concentrations are depicted in Fig. 6 . The XPS intensities were normalized by bulk concentrations and number of carbon atoms in the alkyl chain. The intensity of the peaks at 290.3 eV (alkyl carbons) was divided by the number of carbons in the alkyl chain for the comparison. This scale factor has to be included for a proper comparison of the C 1s signal intensities from the different carboxylic acids and carboxylate ions. It can be clearly seen that the XPS intensities of valeric (C 4 H 9 COOH) and caproic (C 5 H 11 COOH) acid are in principle equal and much more intense than that of butyric acid (C 3 H 7 COOH), while the XPS intensities of acetic acid, butyrate and formate ions are hardly seen on the same scale, Fig. 6 . Generally, the observed intensities from surface sensitive XPS experiments depend on the solution's real density profile as a function of depth from the water-air interface, and exponentially attenuated along its path. This means that it contains both information on the surface propensity of a compound residing at or close to the water-air interface and a possibly increased surface region concentration. Note that absolute concentrations cannot be obtained directly from XPS results, but qualitative trends of similar compounds can be discussed without further assumptions. The relative intensities of the signals from the alkyl chain, I 290 , and the carboxylic acid or carboxylate group, I 294 , may also reflect how compounds are structurally organized at the water-air interface and in the surface region, e.g. an I 290 / I 294corr ratio significantly larger than one strongly indicates that the alkyl chain is closer to the surface than the carboxylic acid or carboxylate group. The ratio I 290 /I 294corr for the carboxylic acids show a clear trend with largest ratio for valeric and caproic acid, ca. 1.6 and the lowest for acetic acid, 1.2. The large I 290 /I 294corr ratio and the strong intensity of valeric and caproic acid show that the alkyl chain is closer to the surface, or most likely partly in air. Thus, at the studied concentrations carboxylic acids with at least 4 carbon atoms long alkyl chains are, at least partly, sticking up in air while the attached carboxylic group is in contact with water molecules residing in the surface region. On the other hand, for acetic acid the I 290 /I 294corr ratio is significantly smaller, 1.25, and the signal intensity is low. This shows that the methyl group of acetic acid is preferentially oriented upwards into a volume with lower relative permittivity and density than the more strongly hydrated carboxylic acid group, but less significant than carboxylic acids with longer alkyl chains. A comparison of butyric acid and the butyrate ion show that butyric acid is much closer to the aqueous surface than the butyrate ion, but they have the same I 290 /I 294corr ratio, 1.4, showing that they are oriented in the same way but on somewhat different levels in the surface region. The intensity of the carboxylate signal of the formate and butyrate ion are identical, Fig. 6 , showing they are positioned at the same level, in spite of the butyrate ion having an alkyl group which the formate ion lacks. This strongly indicates that the carboxylate group is positioned in the lower part of the surface region close to the aqueous bulk with sufficient density of water for effective hydration. The formate ion is usually regarded as strongly depleted from the interfacial region. 9 This is the first experimental evidence that carboxylate ions cannot be present close to the air-water interface where the permittivity and water density are too low to allow sufficient hydration of the carboxylate group.
Discussion
The results of the analytical experiments show that ammonia, and to a smaller extent carboxylic acids, leave an open system with different reaction rates depending on the length of the attached alkyl chains and the initial bulk concentration. That the formation of ammonia is proportional to the ammonium and alkyl carboxylate concentration in the aqueous bulk, as found for the alkyl carboxylates with six or less carbon atoms in the alkyl chain, seems reasonable for a chemical reaction following first order kinetics. The slowest transfer of ammonia is observed in the ammonium-formate system, and a small increase in the initial reaction rates can be seen with increasing length of the alkyl chain of the carboxylic acid, Fig. 5 . This depends most likely on that formic acid lacks a hydrophobic group and therefore has the smallest K srd value, Fig. 1 , and the K srd value is expected to increase slightly with increasing alkyl chain length. It seems therefore likely that the transport rate of ammonia is proportional to its concentration in the surface region, which in turn is dependent on mainly the K srd value for the system. This is in agreement with an ammonia release following a first order reaction. On the other hand, the transfer rates of the n-octyl and n-nonyl carboxylate systems increase exponentially with concentration when a solid phase is formed in/on the water surface. In this case the transfer rate depends also on the concentration of carboxylic acid in the surface region, and as the solubility of n-octyl-and n-nonylcarboxylic acid is low and low S sd values, a more or less immediate precipitation will take place. As the solubilities of n-octyl-and n-nonylcarboxylic acid are expected to be even lower in the aqueous bulk than in the surface region this should result in a promoted reaction between ammonium and n-octyl-or n-nonylcarboxylate ions in the aqueous bulk to compensate for the loss of carboxylic acid in the surface region. This causes formation of ammonia in large amounts at a high rate as observed in the experiments. These results show that neutral molecules are enriched in the surface region, and that the transport of neutral molecules between the aqueous bulk and the surface region is fast. A recent surface tension study of surfaces of small millisecond old droplets, show a significant decrease in surface tension of droplets containing glutaric acid with increasing concentration in comparison with pure water. 45 Aqueous solutions of sodium chloride show on the other hand increasing surface tension with increasing concentration. Furthermore, it requires a 16-fold excess of sodium chloride to counter-balance the surface tension decrease of glutaric acid. 44 This supports the importance of accumulation of surface active or hydrophobic compounds in the surface region of small droplets for their physico-chemical properties. To compensate for the loss of neutral molecules in the aqueous bulk eqn (1) will be pushed more or less to the right. It shall be noted that the concentration of neutral species in the surface region can largely exceed the concentration in the aqueous bulk, [32] [33] [34] 53 but the total amount of chemical species accumulated in the surface region, as the carboxylic acids in this study, is only a very small fraction of the total amount in a macroscopic system. On the other hand, charged species seem not to be able to reach close to the water-air interface as the physico-chemical properties of the region close to the water-air interface cannot accommodate charged species as the amount of water for efficient hydration is not sufficient due to low density of water in the surface region. However, they can approach somewhat closer to the water-air interface through formation of ion-pairs, and when one ion in the ion-pair has a long alkyl chain, it may come fairly close to the water-air interface, Fig. 1 . The relatively large difference in C 1s signal intensity between the alkyl and carboxylic acid carbons give information about the orientation and the relative position of the carboxylic acids versus the water-air interface, Table 2 . It can be seen that the longer the alkyl chain is in the carboxylic acid, the stronger orientation effect. The very strong overall C 1s signal intensities for valeric and caproic acid strongly indicate that they are present in the water-air interface. The rather large ratio I 290 / I 294corr yields most likely from part of their alkyl chains that are sticking up in air. Such a model is fully supported by the fact that relative signal intensity of the alkyl group is significantly stronger than for the carbon in the carboxylic acid group after scaling, Table 2 . The latter seems to be hydrogen bound to water molecules close to the water-air interface reducing its ability to evaporate. On the other hand, acetic and butyric acid display low overall signal intensity and a smaller intensity ratio between alkyl and carboxylic acid carbons, but still with the alkyl chains closer to the surface than the carboxylic acid group. This shows that their alkyl chains are in principal oriented Table 2 Ratios of the intensities of the XPS signals (integrated peak area) from the C 1s bands of alkyl carbon (I 290 ) and carboxylic acid carbon of carboxylic acid (I 294 ) and butyrate ion in surfaces of aqueous solutions. Corr is the ratio after dividing the observed ratio by the number of carbons in the alkyl chain perpendicular to the surface (at the studied bulk concentrations) independent of position in the surface region. In order for a salt of monovalent ions to dissociate, or to allow monovalent ions to enter a solvent region, a relative permittivity of 15-20 is required, and the ability to be close to the water-air interface increases with decreasing charge density and hydrophilicity of the ion. 76 The former has been shown in several studies of the halide ions in water with iodide coming closest to the water-air interface. [77] [78] [79] [80] At the same time neutral species preferring non-polar solvents are in fact promoted to be at the water-air interface or very close to it. It is important to stress that the solubility of a salt can be relatively high in solvents with low relative permittivity due formation of ion-pairs or clusters neutralizing the effective charge as alkali metal and magnesium halides and Grignard reagents in diethyl ether. [81] [82] [83] [84] [85] Similar arrangements in the surface region are harder to imagine as the thickness is only some water molecule layers, and more important, the change in physico-chemical properties is dramatic over the very short distance making up the surface region, a limited number of water molecule layers. As observed in this study it is more likely that molecules and ions with a hydrophobic group are oriented perpendicular to the water surface allowing the hydrophobic group to be in the upper part of the surface region with low relative permittivity and density, while e.g. acid groups and ionpairs requiring a higher charge shielding are situated in the lower part of the surface region or even in the aqueous bulk. Charged species requiring strong hydration and effective charge neutralization are forced to be in the lower part of the surface region or in the aqueous bulk and possible hydrophobic groups can approach the lower parts of the surface region as the butyrate ion. The XPS C 1s intensity studies of acetic and butyric acid show that these, and certainly also propionic acid, are accumulated in the surface region as a concentrated mixture with interfacial water with lower density which certainly lacks the rigid hydrogen bound water structure present in the aqueous bulk. To further decrease the charge it is expected that a larger fraction than in the aqueous bulk is present as dimers. 86, 87 The dimerization in water increases with increasing alkyl chain length and concentration, and dimerization is very prominent in organic solvents with low permittivity. 88 Hence, the surface region can become saturated with tightly packed carboxylic acid molecules. When this happens in the open vessel-system, the transport from the aqueous bulk will stop and additionally formed carboxylic acid will remain in the aqueous bulk. However, as ammonia in the gas phase will continue to be removed due to the nitrogen flow, there will be a deficit in both the gas phase and the surface region, and the reaction eqn (1) will continue to be pushed to the right, Fig. 1 . The results from our analytical studies show clearly that ammonia and carboxylic acid removed from the system are rapidly replaced showing that the transport to and from the surface region is fast. When the surface region is saturated with carboxylic acid a steady state situation is obtained controlled by the gas flow in the gas phase (removal of ammonia and carboxylic acid) and the rate of the shift of the equilibria NH 3 (aq) " NH 3 (sr), NH 3 (sr) " NH 3 (g), RCOOH(aq) " RCOOH(sr) and RCOOH(sr) " RCOOH(g) becomes reasonable constant. The proposed equilibrium scheme for eqn (1) is given in Fig. 7 . The formate and butyrate ions are not able to enter the upper part of the surface region as discussed above, and it can be assumed that neither the valerate, caproate nor enanthante ions can do it as long as they do not form any charge screening ion-pairs. Their alkyl chain can however be oriented upwards into the upper surface region and if it is long enough all the way up to the water-air interface. The XPS C 1s intensity studies of valeric and caproic acid show that they are present at the waterair interface with the alkyl chain at least partly sticking out of the surface and the carboxylic acid group hydrogen bind to water molecules in the surface region. This shows that alkyl carboxylic acids are structurally organized in the surface region. For carboxylic acids with low solubility in the aqueous bulk, as in the case of n-octanoic and n-nonanoic acid, the aqueous bulk of the open-vessel system will be saturated rapidly, and formation of solid carboxylic acid takes place on top of the aqueous solution (hydrophobic and lower density than water). This solid phase continues to form until a thick crust covers the entire surface which eventually will stop the transport of ammonia to the gas phase, Fig. S1 (ESI †). The reaction rate when both ammonia and carboxylic acid are continuously removed is high and increases sharply with increasing concentration, Fig. 5 and Fig. S2 , Table S2 (ESI †). The proposed reaction mechanism and Fig. 7 Equilibria of ammonium and carboxylate ions, ammonia and carboxylic acid in the aqueous bulk (bulk), the interface water-air (sr) and open air. The dashed line represent the border for bulk water properties. Fig. 8 The surface sites, the surface region and the aqueous bulk are saturated and crystallization takes place on top of the aqueous surface; the model of solid n-octanoic acid is taken from ref. 89. structure of the formed solid phase on top of the aqueous solution for n-octanoic and n-nonanoic acid is given in Fig. 8 .
Conclusions
Results from XPS studies of the surfaces of aqueous solutions of carboxylic acids and sodium formate and butyrate show large differences in C 1s signal intensities which can be related to the species' distance from the water-air interface. The formate and butyrate ions display equally weak signals for the carboxylate carbon. This strongly indicates that they cannot enter the upper parts of the surface region close to the water-air interface where water has different physico-chemical properties, including lower density and relative permittivity, than bulk water. On the other hand, the neutral carboxylic acids are promoted to enter the region close to the water-air interface. It shall be noted that the orientation of alkyl carboxylic acids and carboxylates in the surface region is in principle the same with the alkyl chain oriented upwards into regions with lower relative permittivity and density than the more strongly hydrated carboxylic acid and carboxylate groups, Fig. 6 and Table 2 . The carboxylic acids with at least four carbons in the alkyl chain reside in the water-air interface and are probably sticking up their alkyl chain into air, while acetic, propionic and butyric acid form a concentrated aqueous solution with surface water where they possibly partly form dimers to further reduce the local charge.
The accumulation of carboxylic acids in the surface region, also when they are miscible with water, 26 shows that there are equilibria between the aqueous bulk and the surface region, RCOOH(aq) " RCOOH(sr), and between the surface region and the gas phase above it, RCOOH(sr) " RCOOH(g). The Henry's law constant, K H , RCOOH(g) " RCOOH(aq), is therefore a product of at least two equilibria, K srd and K sd , Fig. 1 , with presently unknown values. For carboxylic acids the value of K srd is certainly larger than unity with the exception of formic acid, which seems not to be accumulated in the surface region. The value K srd can be estimated from e.g. surface tension measurements and surface speciation studies. As a consequence, the values of K sd for ammonia and carboxylic acids become smaller than the corresponding K H value. The analytical studies show that the release of ammonia is dependent on its concentration in the surface region. This is also true for carboxylic acids as long as their solubility in the surface region is sufficiently high to avoid a precipitation on the water surface. However, for n-octyl-and n-nonylcarboxylic acid the solubility is sufficiently low for precipitation in/on the water-air interface. This causes that the surface region becomes depleted on carboxylic acid which promotes a transfer from the aqueous bulk to the surface region to maintain the equilibrium concentrations. The precipitation of n-octyl and n-nonyl carboxylic acid is therefore also the driving force to a much larger and faster release of ammonia.
The combined analytical and surface speciation studies in this work show that the equilibria described by K srd and K sd establish fast as they are detected in the XPS studies. This allows for a fast transport of chemicals from the aqueous bulk to the surface region, and that a minor fraction of the compounds in the surface region is released into air according to the equilibrium constant K sd . K sd is significantly larger for ammonia as compared to the small carboxylic acids with less than three carbons in the alkyl chain. The findings in this study are of particular importance for small water droplets with large surface area:bulk volume ratio in air where dynamic equilibria between air and water drops exist.
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